Background-Women of childbearing age report high rates of alcohol consumption, which may result in alcohol exposure during early pregnancy. Epidemiological research on congenital limb deficiencies (LDs) and periconceptional exposure to alcohol is inconclusive.
Introduction
Limb deficiencies (LDs) are characterized by failure of the entire upper or lower limb, or a portion thereof, to form during embryonic development. Most LDs appear as isolated defects with 12% to 33% occurring with other major structural birth defects (Kallen et al., 1984; Froster-Iskenius and Baird, 1989; Ephraim et al., 2003; Makhoul et al., 2003) . The overall birth prevalence for LDs is estimated to be 5 to 8 per 10,000 live births (Lin et al., 1993; Castilla et al., 1995; Makhoul et al., 2003) . Limb development in humans begins as early as 4 weeks after conception; upper limb buds first appear on the 26th day and lower limb buds on the 28th day (Barham and Clarke, 2008) . Approximately 6 weeks after conception, the hand and foot plates form, marking the first trimester as an important period of susceptibility for defects in limb development (Barham and Clarke, 2008) .
Studies on the pathogenesis of LDs have identified several classes of factors that alter limb development, including maternal medication use during pregnancy (e.g., thalidomide, vasoactive medications), health conditions (e.g., insulin-dependent diabetes mellitus), and procedures received during pregnancy (e.g., chorionic villus sampling) (Froster and Baird, 1993; Holmes, 2002) . Maternal exposures to addictive substances thought to have vasculardisrupting properties (e.g., cocaine, tobacco) have been shown to be associated with specific LD subtypes (Aro, 1983; Froster and Baird, 1993; Holmes, 2002) . The findings from studies of maternal exposure to alcohol and LDs, although suggested by early case reports of fetal alcohol syndrome (FAS) (Spiegel et al., 1979; Herrmann et al., 1980; van Rensburg, 1981; Pauli and Feldman, 1986; Lin et al., 1991) , have been less consistent. The equivocal results may be due, in part, to variability in defining maternal alcohol consumption (e.g., any consumption [Aro et al., 1984; Froster and Baird, 1992; Shaw et al., 2002] versus specific intake patterns [Martinez-Frias et al., 2004] ), inclusion of LDs as part of a broader defect group (e.g., musculoskeletal defects [McDonald et al., 1992; Baumann et al., 2006] ), or study differences in classifying LDs (Gold et al., 2011) .
Examination of the association between maternal alcohol consumption and limb formation is further complicated by the genetic control of limb patterning. Specifically, multiple gene families (e.g., Sonic Hedgehog, Fibroblast growth factor, WNT, Homeobox) are involved in limb patterning across three axes (i.e., proximal-distal, anterior-posterior, and dorsalventral) (Barham and Clarke, 2008) . Due to this developmental complexity, the pathogenesis of LDs is most likely multifactorial. In fact, experimental animal studies suggest several potential pathways by which alcohol exposure during pregnancy could affect limb development, including interference with folate metabolism (Hillman and Steinberg, 1982) , vascular disruption (Froster and Baird, 1992) , elevated homocysteine (Limpach et al., 2000; van Mil et al., 2010) , interference with retinoic acid synthesis (Limpach et al., 2000) , and disrupted cholesterol metabolism (Lanoue et al., 1997; Gofflot et al., 2003; Li et al., 2007) . Recovery studies in which diets of alcohol-exposed animals are supplemented with key nutrients (e.g., folic acid, retinoic acid, cholesterol) provide further evidence for understanding these pathways (Gofflot et al., 2003; Johnson et al., 2007; Li et al., 2007; Idrus and Thomas, 2011) .
Continued epidemiological study of the associations between maternal alcohol consumption and LDs is warranted due to the paucity of human studies, limitations of existing studies, and continued high rates (51.5% any use, 15% binge drinking) of alcohol consumption among non-pregnant women 18 to 44 years of age (Centers for Disease Control and Prevention, 2012) . The high rate of alcohol consumption among women of childbearing age increases the risk of exposure during critical stages of limb development, especially among unintended pregnancies (Finer and Zolna, 2014) . The complexity of limb development requires a large-scale study with clinically derived LD subtypes and sufficient information about maternal alcohol consumption to allow a complete characterization of alcohol consumption patterns. To this end, data from the National Birth Defects Prevention Study (NBDPS), a large, population-based case-control study, were used to describe maternal reports of alcohol consumption and to examine associations between consumption and specific LD subtypes.
Materials and Methods

SAMPLE SELECTION AND RECRUITMENT
The NBDPS was a multi-site, population-based, case-control study designed to investigate genetic and environmental risk factors for 37 major birth defects. Included in the current analyses were cases with one or more eligible birth defects and unaffected live born controls with estimated dates of delivery (EDD) (AR 1997 -2000 , CA, CDC 1997 or birth certificate files (AR 2000 , CDC 2001 , IA, MA, NC, NJ, and UT). Excluded were cases with defects of known or strongly suspected genetic etiology (i.e., single gene disorders, chromosome abnormalities), as well as cases and controls not in the custody of or not residing with their birth mothers, or whose birth mother did not speak English or Spanish. Each site obtained institutional review board approval for the NBDPS.
CASE CLASSIFICATION
Clinical information abstracted from medical records was reviewed by a clinical geneticist at each NBDPS site, and standard definitions were used to determine case classification. Clinical information abstracted included method of diagnosis (e.g., available x-ray confirmation of absent, partially absent or "missing" bony elements of the extremities); laboratory results, including genetics and other specialty evaluations when available; relevant exposures; and family history of LDs. A NBDPS-specific modification of the CDC six-digit diagnostic coding system was assigned to each case meeting definitional criteria. The development of the NBDPS diagnostic codes and their relation to the International Statistical Classification of Diseases and Related Health Problems (ICD-9), the clinical modification of the ICD-9 (ICD9-CM), and British Paediatric Association (BPA) coding schemes can be found elsewhere (Rasmussen and Moore, 2001 ). The NBDPS diagnostic codes were developed due to a lack of specificity of existing codes for certain LD subtypes (e.g., split hand or foot codes). Additional information about case classification is detailed else-where (Rasmussen et al., 2003) .
Case classification by site clinical geneticists was reviewed by a NBDPS clinical geneticist (R.S.O.) to ensure consistency in coding and to further classify eligible LD cases as isolated (no additional major, unrelated defects), multiple (one or more additional major, unrelated defects), or complex sequence (e.g., limb-body wall complex, amniotic bands). LD cases were classified into the following subtypes: longitudinal (preaxial, postaxial, and split hand/ foot), terminal transverse (amelia excluded), amelia, intercalary, and not elsewhere classified. LD cases were also classified in terms of laterality and sidedness of the deficiency (unilateral-left, unilateral-right, bilateral, unknown) , and whether an upper or lower limb was affected. To reduce pathogenetic heterogeneity, cases with amniotic band syndrome (n = 162) or any other complex sequence (n = 1) were excluded.
DATA COLLECTION
Structured, computer-assisted telephone interviews were conducted with birth mothers of cases and controls; interviews were conducted from 6 weeks to 2 years following the EDD. The median time between EDD and interview date was 9.0 months for case mothers and 7.6 months for control mothers. Following the mailing of an introductory packet of materials, a structured protocol was followed for recruitment of case and control mothers (Yoon et al., 2001 ). This protocol consisted of a series of follow-up telephone calls, or reminder letters if contact was not made by telephone, to obtain informed consent for the NBDPS interview. Overall, participation in the maternal interview was 69% among case mothers and 65% among control mothers. A total of 906 case mothers and 8352 control mothers who completed the interview were included in this analysis.
The interview included, but was not limited to, detailed questions about health problems, single and multiple vitamin intake, medication use, alcohol consumption, caffeine intake, and maternal exposure to cigarette smoke from 3 months before conception through the end of the pregnancy. For each exposure, the mother was asked for dates of occurrence and, where applicable, the frequency with which the exposure occurred. From these questions, maternal periconceptional exposure was determined for the following covariables: folic acid and vitamin A intake from either a single vitamin or multivitamin; total caffeine exposure (mg); vasoactive medications, which included antihypertensives, bronchodilators, decongestants, migraine medications, and nonsteroidal anti-inflammatory drugs; and any exposure to active or passive cigarette smoke.
EXPOSURE ASSESSMENT
Retrospective reports for alcohol consumption were collected for each of the 3 months before conception (labeled B3, B2, and B1), each of the first 3 months of pregnancy (labeled M1, M2, and M3) and by trimester for months 4 to 6 and 7 to 9 of pregnancy (labeled T2 and T3, respectively). Periconceptional exposure was defined as 1 month prior to conception (B1) through the first 3 months of pregnancy (M1-M3). For each month alcohol was reportedly consumed, the mother was asked how many days, on average, she drank alcohol and on those days, on average, how many drinks she consumed per day. The mother was also asked about the greatest number of drinks that she consumed on one occasion during the month(s) she drank and what types of alcohol she usually consumed (beer, wine, mixed drink or shot liquor, or other type of alcohol). Responses were coded into: any (yes or no) alcohol consumption during the periconceptional period; the number of months any alcohol was consumed during the periconceptional period (0-4 months); the pattern of periconceptional consumption (no drinking, B1 only, B1 and any month of the first trimester [M1-M3], only during M1-M3); the average number of drinks consumed during the periconceptional period (none, 1-4 drinks/month, 5-15 drinks/month, 16-30 drinks/month, >30 drinks/month); binge drinking during the periconceptional period (no drinking, drinking without binging [<4 drinks/occasion], binge drinking [≥4 drinks/occasion]); and the type of alcohol consumed during the periconceptional period (no drinking, beer only, wine only, distilled spirits only, a combination of one or more types).
STATISTICAL ANALYSIS
All analyses were conducted using the Statistical Analysis System (SAS) version 9.2 statistical software (SAS Institute, Cary, NC). Descriptive analyses used the Chi-square test to compare cases and controls on the following covariables: case and control sex (male, female), birth weight (<2500, ≥2500 grams), gestational age (<37, 37-45 weeks), and family history of LD (yes, no); maternal age at EDD (<20, 20-34, ≥35 years), race/ethnicity (nonHispanic white, non-Hispanic black, Other, Hispanic), education (<12, 12, 13-15, ≥16 years), parity (never pregnant, primipara, multipara), prepregnancy diabetes (yes, no), and prepregnancy body mass index (<18.5, 18.5-24.9, 25.0-29.9, ≥30); plurality (multiple, singleton) and planned pregnancy (yes, no); maternal chorionic villus sampling (yes, no), periconceptional exposure to contraceptive pill use (yes, no), folic acid supplementation (yes, no), vitamin A supplementation (any use; no use), vasoactive medication use (yes, no), any cigarette smoking exposure (yes, no) and milligrams of caffeine consumed (0-9 mg, 10-99 mg, 100-199 mg, 200-299 mg, ≥ 300 mg); season of conception (summer, fall, winter, spring); and NBDPS site (AR, CA, GA, IA, NC, NJ, NY, TX, UT, CDC). Excluded from analyses were mothers of cases and controls with an EDD of 2008, incomplete interviews, mothers with missing alcohol consumption for any month during preconception through the EDD (B3-T3), or mothers who reported more than 150 drinks per month (n = 10 cases and n = 77 controls).
Crude odds ratios (cORs), adjusted odd ratios (aORs), and corresponding 95% confidence intervals (CIs) were calculated to estimate associations between maternal periconceptional alcohol consumption and LDs. For adjusted analyses, possible confounding was examined by introducing each covariable into a model containing the exposure variable of interest. The respective covariable was included in the multivariable model if any aOR for alcohol consumption changed by 10% or more after adding the covariable. Adjusted analyses are only presented for LD subtypes containing at least 100 cases (e.g., all LDs combined, preaxial and terminal transverse subtypes, and upper and lower affected limbs). Additionally, the significance of multiplicative and additive interactions (i.e., the relative excess risk due to interaction [RERI] ) between any periconceptional alcohol consumption and folic acid supplementation was also tested. Significance of multiplicative interaction estimates was determined using p-values, and significance of RERI was determined using bootstrap 95% CI (Knol et al., 2007 
Results
Overall, the most common LD subtype was terminal transverse; intercalary and amelia LDs were least frequent (Table 1) . Approximately half (46.2%) of all cases were affected on the left-side, followed by right-sided and bilateral presentation. Most (69.6%) of the affected limbs were arms only. The presence of other major congenital defects differed by LD subtype; preaxial-longitudinal and amelia subtypes were more likely than other LD subtypes to have multiple defects. All other subtypes were mostly comprised of isolated defects.
Cases were more likely than controls to be male, low birth weight, preterm, and have a family history of LDs (Table 2) . Case mothers were more frequently Hispanic, had a diagnosis of prepregnancy type I or type II diabetes, or had fewer years of education. Case pregnancies were more often the mother's first, a multiple pregnancy, or unplanned. Maternal periconceptional exposures to no vitamin A supplementation, vasoactive medication, and caffeine consumption were more common among case mothers compared with controls. Case pregnancies were more often conceived in the winter, and variation across site was also found. No differences between case and control mothers were found for maternal age at EDD, prepregnancy body mass index, chorionic villus sampling, maternal periconceptional exposure to contraceptive pills, folic acid supplementation, or any cigarette smoking exposure. Overall, case mothers reported periconceptional alcohol consumption less frequently, reported lower amounts of alcohol consumed per month or occasion, and reported different types of alcohol consumed than control mothers. To evaluate possible response bias, the number of months between EDD and time of interview were compared for patterns of alcohol consumption for case and control mothers. No differences were found (p > 0.05), suggesting no response bias due to time between the infant's birth and the interview (data not shown).
Adjusted odds ratios showed case and control mothers differed on several indicators of periconceptional alcohol consumption (Table 3) . Similar findings were observed for any and preaxial LDs, and for upper affected limbs across patterns of alcohol consumption. For each of these LDs, statistically significant inverse associations were found for any periconceptional alcohol consumption, lower average amounts of alcohol consumed (1-4 drinks/month), and drinking without binging (<4 drinks/occasion). Inverse associations were also found for preaxial LDs and higher amounts (5-15 drinks/month) of alcohol consumed, with control mothers reporting greater alcohol consumption than case mothers (Table 3) . Finally, inverse associations were found for terminal transverse LDs and affected lower limbs; however, only the aORs for drinking without binging and any alcohol consumption, respectively, were statistically significant.
Although inverse associations were found between LDs and all types of alcohol consumed, the patterns of statistical significance differed by LD subtype and anatomic group (Table 3) . Consumption of wine only was associated with all LDs combined, preaxial LDs, and lower affected limbs. An association was also found for consumption of distilled spirits only and preaxial LDs; however, the cell size was small, and the estimate may be unreliable. Finally, consumption of other combinations of alcohol was associated with all LDs combined and upper affected limbs. Terminal transverse and upper limbs did not show significant aORs, although other combination was marginally associated with upper limbs.
In analyses stratified by type of alcohol consumed, inverse associations were found for most patterns of alcohol consumption and most LDs among mothers who reported drinking beer only (Table 4) ; however, increased aORs, although nonsignificant, were found between 1-4 drinks/month of beer only, binge drinking of wine only, and binge drinking of distilled spirits only and terminal transverse LDs, and between binge drinking of wine only and upper affected limbs. Among mothers who reported drinking wine only, inverse associations were found for most patterns of consumption and LDs, with significant aORs for any consumption of wine only and an average of 1-4 drinks/month (Table 4 ). An inverse association was found for drinking without binging of wine only and all LDs combined; increased, albeit nonsignificant, associations were found for binge drinking of wine and terminal transverse LDs and upper affected limbs. For consumption of distilled spirits only, increased, but nonsignificant, aORs were found for associations between heavier drinking (e.g., 5-15 drinks/month) and terminal transverse LDs and upper or lower affected limbs. Of the remaining inverse associations, only the aOR between any consumption of distilled spirits only and preaxial LDs was significant, although the sample size was small making the estimate unreliable. Finally, inverse associations were found for consumption of other combinations (i.e. beer + wine, wine-+ distilled spirits, beer + distilled spirits, or beer + wine + distilled spirits) and all LDs combined or upper affected limbs but only when mothers reported drinking 1-4 drinks/month or drinking with binging. Stratification of alcohol consumption by folic acid supplementation failed to show significant additive or multiplicative interactions (data not shown).
Discussion
The current study findings did not show teratogenic associations between maternal retrospective reports of peri-conceptional alcohol consumption and LDs. In contrast, inverse associations were found, with reported consumption of alcohol during the periconceptional period less likely among case mothers compared with control mothers for selected LD subtypes and anatomic groups. Furthermore, when stratified by type of alcohol consumed, the statistically significant inverse associations found for any of the LDs studied were limited to reports of drinking fewer than 4 drinks on any occasion and consumption of wine only or combinations of alcohol types.
Based on case reports of FAS, alcohol was expected to act as a teratogen on limb development due to several plausible biological mechanisms including interference with folate metabolism (e.g., inadequate dietary intake, increased folate clearance, and malabsorption) (El Banna et al., 1983; McMartin, 1984; McMartin et al., 1985; Eisenga et al., 1989; Halsted et al., 2002; Manari et al., 2003; Mason and Choi, 2005; Chiuve et al., 2005; Hamid and Kaur, 2007; Romanoff et al., 2007; Hamid et al., 2009) , inhibition of methionine synthase activity resulting in hyperhomocysteinemia (Halsted et al., 2002; Mason and Choi, 2005) , and disruption of retinoic acid homeostasis (Limpach et al., 2000) or cholesterol biosynthesis (Lanoue et al., 1997; Gofflot et al., 2003; Li et al., 2007) . These mechanisms are predicated on chronic and excessive alcohol consumption, such as that observed in FAS (Hillman and Steinberg, 1982; Chiuve et al., 2005; Napoli, 2011) . Of those mothers who reported periconceptional alcohol consumption, approximately half consumed, on average, 1-4 drinks per month; thus, the alcohol consumption levels reported by mothers in this study may have fallen below the teratogenic threshold. Recent studies have found little effect of light drinking on adverse birth outcomes (Henderson et al., 2007; O'Leary et al., 2010; Patra et al., 2011; Pfinder et al., 2013) , and a previous study of cranio-synostosis using NBDPS data showed a similar inverse relationship with light alcohol consumption (Richardson et al., 2011) . The patterns of light drinking found in the current data are consistent with these recent findings; however, the true threshold of when alcohol becomes a teratogen is unknown (Henderson et al., 2007) . Therefore, public health policy recommendations for abstinence during pregnancy should not be ignored.
There are limitations to this study. Small numbers for specific LD subtypes (e.g., postaxial, split hand or foot, intercalary and amelia) precluded reliable analysis of associations with maternal periconceptional alcohol consumption. Preliminary examination of the additional rare LD subtypes showed elevated crude ORs for these deficiencies (i.e., intercalary and amelia) (data not shown). Odds of consuming more than 30 drinks per month or multiple episodes of binge drinking (≥4 drinks/occasion) were nearly 2 times higher among mothers of pregnancies affected by these subtypes; however, the estimates were unstable due to small numbers (<5 exposed). These findings reinforce the current public health policy of promoting avoidance of any alcohol consumption during pregnancy due to unknown thresholds for safe drinking. Even though the exposure assessment improves upon methods of previous studies (e.g., birth certificates), the use of retrospective maternal reports may introduce response bias due to social desirability. Mothers of pregnancies affected by an LD may have been more likely to underreport periconceptional alcohol consumption due to the well-known implications of heavy drinking during pregnancy on pregnancy outcomes. The social desirability may have been less influential on responses by control mothers due to the absence of health problems in their child. Although response bias is a possible contributor to the unexpected inverse associations observed for alcohol consumption and LDs, the percentage of mothers of case and control pregnancies who reported any alcohol consumption from 3 months before pregnancy through the end of pregnancy was similar to national averages reported for drinking in the past 30 days by nonpregnant women of childbearing age (data not shown) (Centers for Disease Control and Prevention, 2012) . Similarly, frequency of reported binge drinking (≥4 drinks/occasion) by mothers in the current study was similar to the rate reported by women from the national study mentioned above. An additional limitation of this analysis was that the occurrences of some important covariables reported in previous studies of LDs (e.g., chorionic villus sampling, migraines) were too rare to analyze. Finally, the analyses were stratified by LD subtype or anatomic group and indicators of maternal reports of alcohol consumption, which resulted in few independent statistical tests. Given the controversy surrounding adjusting multiple comparisons in epidemiological research (Rothman, 1990; Greenland, 2008) , p-values were not adjusted. Significant associations identified could be due to chance, and independent replication is warranted.
Strengths of this analysis included analysis of multiple LD subtypes and anatomic groups, detailed assessment of periconceptional alcohol consumption, and control of relevant covariables. The use of a well-characterized LD classification system allowed greater specification of underlying structural involvement in each phenotype. With regard to alcohol consumption, information was collected about frequency and duration of exposure, as well as types of alcohol consumed. This information allowed creation of patterns of alcohol consumption similar to those reported in animal studies and provided a more comprehensive understanding of the degree of exposure among pregnancies affected by LDs. Another strength was the extensive set of covariables evaluated, which allowed examination of periconceptional alcohol consumption after controlling for other potential causative factors involved in LDs (e.g., vasoconstriction).
In the NBDPS data, maternal reported consumption of alcohol during the periconceptional period did not emerge as a teratogen for the development of limbs or related structures. In fact, case mothers were less likely to report alcohol consumption compared with control mothers. These inverse associations must be interpreted with caution, given that preliminary analyses of rarer LD subtypes supported the teratogenic effects of alcohol on embryonic development. Additional studies are needed to replicate the findings using larger samples, which would allow inclusion of additional rare LDs and a broader spectrum of problem drinking. 
